Introduction
Hepatocytes (i.e. parenchymal liver cells (PC)) are a key target for gene transfer directed at correction of protein deficiencies or at favorably altering the lipoprotein profile for prevention and treatment of atherosclerotic cardiovascular diseases. Liver sinusoids are highly specialized capillaries. The sinusoidal endothelium contains pores, called fenestrae, and no basal lamina. Sinusoidal fenestrae have no diaphragm and visualization requires perfusion fixation with glutaraldehyde. Fenestrae are clustered in sieve plates and constitute an open communication for gene transfer vectors between the sinusoidal lumen and the space of Disse, in which microvilli from PC protrude. 1, 2 However, the diameter of fenestrae may restrict the transport of gene transfer vectors, according to their size, leading to selective sieving by the sinusoidal endothelium. Fenestrae generally measure between 100 and 200 nm and significant species differences in the size of sinusoidal fenestrae exist. [1] [2] [3] The interpretation of the existing literature on species variations of the size of sinusoidal fenestrae is hampered by differences in methods applied by different laboratories. To avoid artifactually changed diameters during tissue preparation for scanning electron microscopy, 4 accurate measurements of fenestrae can only be performed by using transmission electron microscopy of plastic-embedded specimens. Recently, we have demonstrated that the size of sinusoidal fenestrae correlates with differences of transgene expression after adenoviral transfer in three different strains of rabbits. 5 The small size of fenestrae in New Zealand White (NZW) rabbits constitutes a barrier for parenchymal cell transduction by adenoviral vectors. 5 The diameter of fenestrae in rats is approximately 150 nm in the pericentral area and 175 nm in the periportal area, 3 which is approximately 1.5-fold higher than in NZW rabbits. No reliable data on the size of sinusoidal fenestrae in mice exist. To further establish the role of sinusoidal fenestrae in hepatocyte transduction, the size of sinusoidal fenestrae and intrahepatic transgene DNA distribution were compared between C57BL/6 mice and NZW rabbits. Since human apo A-I transgene DNA levels in PC and human apolipoprotein (apo) A-I expression after systemic gene transfer is significantly higher in C57BL/6 mice 6,7 than in NZW rabbits, 5 the working hypothesis was that the diameter of fenestrae would be significantly larger in mice than in rabbits. We show that the diameter of fenestrae in C57BL/6 mice is similar in magnitude compared to rats. To overcome the sinusoidal endothelial cell barrier and to increase transgene DNA levels in hepatocytes in NZW rabbits, we speculated that transient liver ischemia may increase the diameter of fenestrae by increasing vascular endothelial growth factor (VEGF) production and subsequent enhanced nitric oxide (NO) synthesis. 8 Transient warm liver ischemia combined with preceding N-acetylcysteine injection increases the diameter of fenestrae, enhances transgene DNA levels in hepatocytes and augments transgene expression.
Results
Human apo A-I expression in NZW rabbits is substantially lower than in C57BL/6 mice and Sprague-Dawley rats A dose of 2 Â 10 12 particles/kg of AdA-I was administered to C57BL/6 mice or Sprague-Dawley rats via tail vein injection. AdA-I is an E1E3E4-deleted adenoviral vector that contains a hepatocyte-specific expression cassette. 6 The average human apo A-I expression from day 0 till day 10 was not significantly different in Sprague-Dawley rats (7574.5 mg/dl; n ¼ 6) (data not shown) compared to C57BL/6 mice (6873.2 mg/dl; n ¼ 22) (Figure 1a) . Since human apo A-I levels were below detection limit (0.5 mg/dl plasma) after marginal ear vein transfer (MVT) with 2 Â 10 12 particles/kg in NZW rabbits, the vector dose was increased to 4 Â 10 12 particles/kg in rabbits. This dose difference between mice and rabbits was consistently maintained for all further experiments of the current study except when stated otherwise. Human apo A-I level in NZW rabbits (1.170.94 mg/dl; n ¼ 16) (Figure 1a ) was 63-fold (Po0.0001) lower than in C57BL/6 mice. Mice are immunologically tolerant for human apo A-I. 9 In contrast, rabbits develop a vigorous immune response against human apo A-I, resulting in high titers of neutralizing antibodies starting from day 10.
5 Therefore, follow-up in these experiments was limited to 14 days.
To evaluate whether differences in transgene DNA levels in hepatocytes contributed to the substantially lower human apo A-I plasma levels in NZW rabbits compared to C57BL/6 mice, parenchymal (PC) and non-parenchymal (NPC) liver cells were isolated by collagenase perfusion and Nycodenz centrifugation at day 3 after transfer. Human apo A-I transgene DNA copy number per diploid genome in the PC was 8.8-fold (P ¼ 0.01) higher in C57BL/6 mice (3.570.53; n ¼ 4) than in NZW rabbits (0.3970.030; n ¼ 4) (Figure 1b ), indicating that this parameter is a prime determinant of differences in transgene expression between both species. In contrast, the copy number in the NPC at day 3 after transfer in C57BL/6 mice (0.5670.11) was 5.1-fold (Po0.05) lower than the copy number in the NPC of NZW rabbits (2.870.60) (Figure 1b ). These differences in intrahepatic transgene DNA distribution between C57BL/6 mice and NZW rabbits are compatible with an anatomical barrier for the passage of adenoviral vectors from the sinusoidal lumen to the space of Disse in NZW rabbits, but not in C57BL/6 mice.
Clearance of adenoviral vectors from blood is significantly delayed in NZW rabbits compared to C57BL/6 mice The number of adenoviral particles per ml plasma in C57BL/6 mice (n ¼ 5) and NZW rabbits (n ¼ 5) after adenoviral transfer with 4 Â 10 12 particles/kg of AdA-I is shown in Figure 2a . Compared to C57BL/6 mice, the number of adenoviral particles per ml plasma in NZW rabbits was not significantly different at 1 min but was 44-fold (Po0.01) higher at 15 min after transfer and an at least 50-fold (Po0.01) difference in the number of adenoviral particles per milliliter plasma persisted at 30 min, 1 and 2 h after transfer. Adenoviral particles were below detection limit at 4 h after transfer in the plasma of mice but could be detected till 24 h after transfer in rabbits. The number of viral genomes per ml of blood cells was 25-fold (Po0.01) and 17-fold (Po0.01) higher in rabbits than in mice at 15 and 30 min after transfer, respectively, and an at least 50-fold (Po0.01) difference persisted in the first 24 h after transfer ( Figure  2b ). The kinetics of adenoviral particles in plasma and viral genomes in blood cells was similar in Dutch Belt rabbits (n ¼ 3) compared to NZW rabbits (data not shown). Hematological changes after transfer with E1E3E4-deleted vectors are much more pronounced in NZW rabbits than in C57BL/6 mice To investigate whether the significantly higher number of adenoviral particles in plasma and the significantly higher number of viral genomes in peripheral blood cells in the first 24 h after adenoviral transfer in NZW rabbits compared to C57BL/6 mice are associated with more pronounced hematological changes, hemoglobin concentration and platelet count were determined at different time points after transfer with 4 Â 10 12 particles/kg (Figure 3) . No drop of the hemoglobin concentration was observed in C57BL/6 mice (n ¼ 10) whereas the nadir of the hemoglobin level at day 3 after transfer in NZW rabbits (n ¼ 9) was 20% lower (Po0.01) than the baseline value (Figure 3a) . The maximal drop of platelet count at day 1 after transfer was 29% (Po0.01) in C57BL/6 mice and 62% (Po0.0001) in rabbits (Figure 3b ).
The size of sinusoidal fenestrae in C57BL/6 mice is significantly larger than in NZW rabbits Based on the differences in intrahepatic transgene DNA distribution, we speculated that the diameter of sinusoidal fenestrae in C57BL/6 mice may be significantly larger than in NZW rabbits. Transmission electron micrographs of liver sections, which cut the sinusoidal wall tangentially and show the fenestrae as holes in the sinusoidal endothelium of C57BL/6 mice and NZW rabbits liver, are shown in Figures 4a and b , respectively. This type of micrographs was used for the measurement of the diameter of sinusoidal fenestrae. The average number of sinusoidal fenestrae measured per liver was 530779 and 550756 in C57BL/6 mice and NZW rabbits, respectively. The average diameter of sinusoidal fenestrae in C57BL/6 mice (14175.4 nm; n ¼ 4) was 1.4-fold (Po0.0001) larger than in NZW rabbits (10371.3 nm; n ¼ 10). A comparison of the frequency distribution histograms of the diameter of sinusoidal fenestrae in C57BL/6 mice and NZW rabbits is shown in Figure 5a .
Samples of adenoviral vectors were vitrified using Vitrobot technology to minimize measurement bias and cryo-electron microscopy was performed ( Figure 5b particles/kg. Data are expressed as mean7s.e.m. Adenoviral particles in plasma were below detection limit (10 6 adenoviral particles/ml plasma) at 4 h after transfer and later in C57BL/6 mice and at 48 h after transfer in NZW rabbits. Viral genomes associated with blood cells were below detection limit (10 6 viral genomes/ml blood cells) at 48 h after transfer in C57BL/6 mice. Figure 5a show that the percentage of sinusoidal fenestrae above 150 nm was 10-fold (Po0.01) higher in C57BL/6 mice (3275%) than in NZW rabbits (3.270.24%). Scanning electron microscopy was performed to compare the density of sinusoidal fenestrae in C57BL/6 mice and NZW rabbits. The number of fenestrae per mm 2 was similar in C57BL/6 mice (8.770.26) and NZW rabbits (8.670.29). Therefore, differences in the percentage of sinusoidal fenestrae above 150 nm between both species (Figure 5a ) also reflect differences in the absolute numbers of sinusoidal fenestrae above 150 nm per unit of surface area.
N-acetylcysteine combined with transient liver ischemia increases the size of sinusoidal fenestrae and augments transgene DNA levels in hepatocytes in NZW rabbits
To increase the diameter of sinusoidal fenestrae in NZW rabbits, the effect of transient liver ischemia for 17 min right before intraportal transfer (IPT) and systemic administration of 150 mg/kg N-acetylcysteine 1 h before Species differences in size of fenestrae J Snoeys et al transfer was evaluated. N-acetylcysteine injection combined with transient liver ischemia resulted in an increase of the size of sinusoidal fenestrae in NZW rabbits from 10371.3 nm (n ¼ 10) to 11071.4 nm (n ¼ 6; Po0.01) at the time point corresponding to the initiation of gene transfer and to 11070.083 nm (n ¼ 2; Po0.001) 30 min later. Compared to control rabbits (3.270.24%), the percentage of fenestrae with a diameter larger than 150 nm in rabbits pretreated with N-acetylcysteine and transient liver ischemia increased 2.0-fold (Po0.001) at the time point corresponding to the start of gene transfer (6.470.77%) and 2.1-fold (Po0.01) 30 min later (6.670.65%). Scanning electron microscopy showed that N-acetylcysteine administration combined with transient liver ischemia did not significantly alter the number of fenestrae per mm 2 (9.570.20) compared to control NZW rabbits (8.670.29) . No gross morphological sinusoidal alterations were observed by scanning and transmission electron microscopical analysis of livers 1 and 30 min after reperfusion.
The increase of fenestrae with a diameter larger than 150 nm following transient liver ischemia and N-acetylcysteine injection was associated with a 6.6-fold (Po0.05) increase of transgene DNA levels in the PC and no significant alteration of the transgene DNA level in NPC in NZW rabbits ( Figure 6 ).
IPT following transient liver ischemia and N-acetylcysteine injection increased the average human apo A-I level from day 0 till day 10 (4275.4 mg/dl; n ¼ 10) 39-fold (Po0.0001) compared to MVT (1.170.94 mg/dl; n ¼ 16) in NZW rabbits (data not shown) but did not increase human apo A-I levels in C57BL/6 mice (data not shown). The kinetics of adenoviral particles in plasma and viral genomes in blood cells was similar after IPT following transient liver ischemia and N-acetylcysteine injection in NZW rabbits (n ¼ 3) compared to MVT (data not shown).
Discussion
The main findings of the current study are that (1) the number of sinusoidal fenestrae with a diameter sufficiently large to allow passage of adenoviral vectors from the sinusoidal lumen to the space of Disse is 10-fold higher in C57BL/6 mice than in NZW rabbits and this likely underlies the poor transgene DNA uptake in PC in rabbits; (2) transient liver ischemia preceded by N-acetylcysteine injection increases the number of sinusoidal fenestrae with a diameter sufficiently large to allow passage of adenoviral vectors and enhances transgene DNA levels in the PC in NZW rabbits after IPT; (3) the number of viral particles in plasma and viral genomes in blood cells is dramatically higher in rabbits compared to mice and may contribute to the more pronounced hematological alterations following adenoviral transfer in the former species.
We have previously demonstrated that differences in transgene expression after adenoviral transfer in three different strains of rabbits correlate with the size of sinusoidal fenestrae. 5 Taking the data on the diameter of sinusoidal fenestrae of both studies together, the average diameter of fenestrae in Dutch Belt rabbits (124 nm) is intermediate between the diameter in NZW rabbits (103 nm) and in C57BL/6 mice (141 nm). Transgene expression in Dutch Belt rabbits (3577.8 mg/dl) after MVT is also intermediate between levels obtained in NZW rabbits and C57BL/6 mice. Further evidence for a major role of the size of sinusoidal fenestrae in hepatocyte transduction is provided by our observation that transgene expression in Sprague-Dawley rats is very similar compared to levels in C57BL/6 mice. Using the same methodology for determination of the size of fenestrae as used in the current study, Wisse et al. 3 demonstrated that the diameter in rats is 150 nm in the pericentral area and 175 nm in the periportal area.
Accurate determination of the diameter of fenestrae mandates the use of transmission electron microscopy and plastic embedded specimens. 3, 4 Furthermore, to avoid bias in the measurement in the diameter of adenoviral vectors, a sample was vitrified using Vitrobot technology and cryo-electron microscopy was performed. Therefore, the observed diameter of an adenoviral serotype 5 particle of 93 nm with protruding fibers of 30 nm in the current study represents a reliable determination to put the diameters of the distribution histograms into perspective. An identical capsid diameter was reported for an Ad5 serotype vector pseudotyped with the Ad35 fiber.
10 Ad5 fiber has previously been reported to be 35-37 nm. 11, 12 A cutoff value of 150 nm was used in the current study to define fenestrae with a sufficiently large diameter for passage of adenoviral vectors. This cutoff value is only indicative, since adenoviral serotype 5 fibers have two flexibility domains.
11
Using the same imaging techniques, the diameter of a vesicular stomatitis virus-G pseudotyped lentiviral vector in the current study is 150 nm (data not shown), indicating that the diameter of sinusoidal fenestrae is likely to be a critical determinant of lentiviral uptake in PC too. Frequency distribution histograms of the diameter of sinusoidal fenestrae also provide a critical framework for the design of liposomal gene transfer strategies to PC, since gene transfer efficiency will be compromised by a too large diameter of these liposomes.
Transient liver ischemia preceded by N-acetylcysteine injection resulted in a doubling of the number of fenestrae above 150 nm at the time of gene transfer and It cannot be excluded that a more pronounced effect on the diameter of fenestrae occurs at intermediate time-points in the first half hour after transfer, when high numbers of viral vectors are still present in the peripheral blood. We propose that the effect of transient liver ischemia on the diameter of fenestrae may be the result of increased local NO concentrations induced by VEGF. Warm liver ischemia has been shown to induce VEGF expression. 8 VEGF can augment NO production. 8, 13 NO induces a decrease in the cytosolic free calcium concentration leading to the dissociation of calcium and calmodulin from the myosin light chain kinase. Under these conditions, myosin light chain phosphatase dephosphorylates the myosin light chain and causes relaxation of fenestrae. 1 The increase in the number of fenestrae with a diameter larger than 150 nm following transient liver ischemia and N-acetylcysteine injection is likely to be a prime determinant of increased transgene DNA levels in the PC of NZW rabbits. The transgene DNA copy number in the PC fraction at day 3 after transfer is the resultant of vector uptake and the rate of viral genome degradation. Therefore, it cannot be excluded that transient metabolic alterations in PC induced by N-acetylcysteine and transient liver ischemia may have contributed to increased transgene DNA levels in these cells. With regard to differences of human apo A-I plasma levels, it should be kept in mind that the apo A-I production rate is not only determined by the transgene DNA levels in the PC but also by potential differences of human apo A-I transcription, translation or secretion between both species or as a result of N-acetylcysteine injection and transient liver ischemia.
Portal clamping time in the current study (17 min) is significantly less than clamping times up to 1 h or more used during liver surgery.
14 A previous study on ischemia-reperfusion injury in NZW rabbits found that an ischemia time of 20 min did not produce significant liver injury whereas an ischemia time of 30 min caused severe liver injury. 15 Although the primary objective to administer N-acetylcysteine in the current study was the prevention of reperfusion injury after warm hepatic ischemia, 16 N-acetylcysteine may have positive effects on the diameter of fenestrae by increasing the bioavailability of NO. 17 Large species variations of the diameter of sinusoidal fenestrae between cow, pig, guinea pig, sheep and dog were demonstrated by Higashi et al. 18 The average diameter obtained by scanning electron microscopy was 45 nm in cows, 52 nm in sheep, 66 nm in guineapig, 82 nm in pig and 131 nm in dog but the confidence intervals for each species were large. Since shrinkage occurs during tissue preparation for scanning electron microscopy, 4 these data should be interpreted with caution. There is currently no reliable information on the size of fenestrae in humans and on genetic variation of this size. It remains an open question whether the average diameter of fenestrae in humans is more similar to mice or to rabbits.
The number of viral particles in plasma and the number of viral genomes in the blood cells was significantly higher in NZW and Dutch Belt rabbits than in C57BL/6 mice between 15 min and 24 h after transfer. Since the diameter in Dutch Belt rabbits (124 nm) is significantly higher than in NZW rabbits, the slow clearance of adenoviral vectors in NZW rabbits compared to C57BL/6 mice is unlikely to be mediated by the smaller size of fenestrae. The observed species difference in the clearance of adenoviral vectors may be due to a slower uptake of vectors by reticuloendothelial cells in rabbits. The prolonged presence of a high number of viral particles in the peripheral circulation is the likely cause of the more pronounced drop of platelet counts and the development of anemia in rabbits, similarly as previously observed after transfer with E1-deleted vectors by Cichon et al.
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In conclusion, the size of sinusoidal fenestrae appears to be a critical determinant of interspecies differences of hepatocyte transduction after adenoviral transfer. Preclinical viral and non-viral gene transfer studies should take into account species differences of the diameter of fenestrae as a potential determinant of gene transfer efficiency and as source of a limited external validity of experimental results.
Materials and methods

Generation and propagation of AdA-I
The construction, propagation and purification of the E1E3E4-deleted adenoviral vector AdA-I has been described previously. 6, 20, 21 AdA-I contains a 1.5 kb human a 1 -antitrypsin promoter upstream of the genomic human apo A-I sequence and four copies of the human apo E enhancer.
Animal experiments
All experimental procedures in animals were performed in accordance with protocols approved by the Institutional Animal Care and Research Advisory Committee. C57BL/6 mice were obtained from the specific pathogenfree animal facility at the Center for Molecular and Vascular Biology. Sprague-Dawley rats were obtained from Harlan (Indianapolis, Indiana). NZW rabbits were obtained from the University of Gent (Merelbeke, Belgium). Gene transfer experiments via the marginal ear vein were performed in male rabbits at the age of 12 weeks. For IPT, isoflurane anesthesia (Abbot Laboratories Ltd, Kent, UK) was applied using a vaporizer type VIP 3000 (MDS Matrx, NY, USA).
To evaluate the effect of N-acetylcysteine administration and transient liver ischemia on transgene expression, mice were subcutaneously anesthesized with 50 mg Rompun (Bayer, Leverkusen, Germany), 4 mg Ketalar (Pfizer, Brussels, Belgium) and 2.5 ml atropine (B Braun, Melsungen, Germany). A dose of 150 mg/kg N-acetylcysteine (Lysomucil, Zambon SA, Brussels, Belgium) was administered 1 h before IPT. Clamping the portal vein and the hepatic artery for 17 min induced transient liver ischemia. 1 min after the release of the vascular clamps intraportal gene transfer was performed. The procedure in rabbits was similar except that isoflurane anesthesia was used.
Human apo A-I ELISA
Human apo A-I levels were determined by sandwich ELISA as described previously. 22 Species differences in size of fenestrae J Snoeys et al
Quantification of human apo A-I transgene DNA in the liver
Quantification of human apo A-I DNA copy-number per diploid genome was performed by real-time PCR as described previously. 5, 23 The human apo A-I DNA copy number was normalized to the copy number of the Prion Protein (PrP) gene and to the copy number of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) housekeeping gene in mice and rabbits, respectively.
Isolation of parenchymal and non-PC
PC and NPC were isolated as described previously by Seglen et al., 24 Nagelkerke et al. 25 and Snoeys et al. 7 For cell isolations in rabbits, the procedure was adapted as described before. 5 Quantification of adenoviral particles in plasma All plasma samples used for quantification of adenoviral particles in plasma were obtained after centrifugation at 3400 r.p.m. for 10 min of blood samples anticoagulated with ethylenediamine tetra-acetic acid (EDTA). Plasma and cell fractions were stored separately at À201C.
DNA was isolated from 200 ml of rabbit plasma or 50 ml of murine plasma obtained at different time-points after gene transfer using the QIAamp DNA blood mini kit (Qiagen, Hilden, Germany) according to the instructions of the manufacturer. In parallel, DNA extraction was performed for negative controls and for standards. Baxter water and plasma of uninjected mice and rabbits were used as negative controls. Standards were prepared by serial dilution of E1E3E4-deleted adenoviral vectors in EDTA anticoagulated plasma of untreated C57BL/6 mice or NZW rabbits. Particle concentrations in the standards ranged from 1 Â 10 10 to 1 Â 10 5 particles/ml. A GAPDH plasmid 23 was used to spike samples, negative controls and standards as an internal control. 26 The number of viral particles per milliliter plasma was determined by real-time quantitative PCR (qPCR core kit, Eurogentec, Seraing, Belgium) using the adenovirus fiber forward primer 5 0 -GCG CAA GAC CGT CTG AAG AT-3 0 , the adenovirus fiber reverse primer 5 0 -AGG CAC AGT TGG AGG ACC G-3 0 and the adenovirus fiber probe 5 0 -CAA CCC CGT GTA TCC ATA TGA CAC GGA AAT-3 0 . The coefficient of variation of the GAPDH copy number determined by real-time quantitative PCR was less than 1%, indicating that variation in DNA extraction efficiency was negligible.
Quantification of viral genomes in blood cells
Quantification of viral genomes in blood cell fraction was performed using similar protocols as used for the determination of viremia in plasma. Fifty microliters of a mixture of erythrocytes, leukocytes and platelets were used for DNA extraction. Standards were prepared by serial dilution of E1E3E4-deleted adenoviral vectors in the blood cell fraction of untreated C57BL/6 mice or NZW rabbits. Since the presence of a viral genome in the blood cell fraction does not necessarily reflect the presence of an intact particle, data are expressed as viral genomes per milliliter blood cell fraction and not as viral particles per milliliter blood cell fraction.
Quantification of the size of sinusoidal fenestrae in the liver by transmission electron microscopy Perfusion of the rabbit liver with a fixative solution was performed essentially as described before in Wistar rats. 2, 27 After isoflurane anesthesia and exposure of the liver by laparotomy, the hepatic artery and common bile duct were clamped and two ligatures were placed around the portal vein. A sharpened 14-gauge pipette was introduced in the portal vein and fixed by tightening the two ligatures. Perfusion fixation was performed at a pressure of 15 cm H 2 O with 250-300 ml of 1.5% glutaraldehyde fixative buffered in 0.067 M cacodylate at pH 7.4. The inferior caval vein was transected at the start of the perfusion. The perfusion was continued until the color changed from dark reddish brown to yellow brown and the consistency from soft to stiff (equivalent to the stiffness of a boiled egg). The liver was removed and thin slices were cut with a razor blade into 30-40 1 mm 3 blocks from a left liver lobe as well as from a right liver lobe. These blocks were washed in cacodylate buffer and transferred to a 1% OsO 4 fixative solution buffered with phosphate-buffered saline 0.1 M pH 7.4 for subsequent immersion fixation during 1 h at 41C. After washing in phosphate-buffered saline 0.1 M pH 7.4, dehydration was carried out rapidly in graded ethanol series (70-1001C), followed by embedding in Epon. Sections with a thickness of 2 mm were cut for light microscopy to check the quality of the fixation and embedding. Subsequently, ultrathin sections for transmission electron microscopy were cut with an ultramicrotome with diamond knife. These sections have a typical thickness of 60 nm. Five to 10 ultrathin sections with a length and width of 500-1000 mm were mounted on 75 mesh copper grids (3 mm diameter) with a carboncoated Formvar film and subsequently contrasted with uranyl acetate and lead citrate. As a size reference, a calibration grid with a spacing of 463 nm was photographed at a magnification of Â 8400 at the beginning of each session. The specimens were examined at the University of Maastricht (EM unit, Pathology) in a Philips CM 100 (FEI, Eindhoven, The Netherlands) at 80 kV. The size of fenestrae was measured as the largest diameter in sections that cut the endothelial wall tangentially and show the fenestrae as complete holes in the endothelium. For each rabbit, ultrathin sections originating from two independent 1 mm 3 blocks, corresponding with the right and left liver lobe, were analyzed.
To obtain murine liver samples for electron microscopy, mice were anesthetized with isoflurane. After laparotomy a 24 G catheter (Becton Dickinson, Erembodegem, Belgium) was inserted into the portal vein and fixed by two ligatures. After clamping of the hepatic artery, perfusion fixation was performed at a pressure of 15 cm H 2 O for 2 min with 1.5% glutaraldehyde fixative buffered in 0.067 M cacodylate at pH 7.4. Subsequent steps were similar as described for rabbit liver samples.
Scanning electron microscopy
For scanning electron microscopy, samples were treated as described 28 and examined at the University of Maastricht (EM unit, Pathology) in the Philips XL30 (FEI, Eindhoven, The Netherlands) at an accelerating voltage of 30 KV.
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Vitrification and cryoelectron microscopy of gene transfer vectors
The samples for cryo-electron microscopy were prepared from undiluted adenoviral and lentiviral vector stocks. Vesicular Stomatitis Virus-G pseudotyped HIV-1 lentiviral vectors were kindly provided by Dr M Chuah and Dr T Vandendriessche, Center for Transgene Technology and Gene Therapy, Leuven. Analysis was performed at the University of Maastricht (EM unit, Pathology) using standard procedures. 29 A thin aqueous film was formed on a Quantifoil R2/2 grid (Quantifoil GMbH, Jena BRD) by applying 3 ml of sample and blotting away excess liquid. The grid carrying the vectors was held by tweezers in the environmental chamber (371C and more than 97% relative humidity) of the Vitrobot (FEI, Hillsboro OR/ USA), a vitrification robot. After blotting, the grid with the thin aqueous film was rapidly vitrified by plunging into ethane cooled to its melting point (À1721C) by liquid nitrogen. The vitrified specimen was stored under liquid nitrogen until transfer to the cold stage of the transmission electron microscope (FEI-CM12). The micrographs were taken with the specimen at À1701C employing low electron dose conditions for a through focus series (defocus 0.9-2.1 mm) at an acceleration voltage of 120 kV.
Statistical analysis
Data are expressed as mean7standard error of the mean (s.e.m.). The area under the curve of human apo A-I levels from day 0 till day 10 was calculated by using NCSS 2000 (NCSS Statistical Software, Kaysville, UT, USA). Comparison of human apo A-I levels and the diameter of sinusoidal fenestrae between mice and rabbits was performed by Student's t-test using the INSTAT V2.05a statistical program (Graph Pad Software, San Diego, USA). Platelet counts and hemoglobin levels at different time points were compared by analysis of variance followed by Dunnett's multiple comparisons test. A two-sided P-value of less than 0.05 was considered statistically significant.
Abbreviations
EDTA, ethylenediamine tetra-acetic acid; IPT, intraportal transfer; MVT, marginal ear vein transfer; NPC, nonparenchymal liver cells; NZW, New Zealand White; PC, parenchymal liver cells; s.e.m., standard error of the mean; VEGF, vascular endothelial growth factor.
